











6.1. Thermal decomposition of GaN nanowires

Figure 6.1: Sample morphology before and after thermal decomposition. [(a), (b)] Bird’s eye
view scanning electron micrographs of GaN nanowire ensembles (a) before and
(b) after thermal decomposition for 30 minutes at 920°C in UHV. The nanowire
length decreases from 1.6 to 1.1 um. The areal density for the as-grown nanowires
is 9 x 10 cm~2. (c) Scanning electron micrograph of a partially decomposed
GaN nanowire dispersed on a Si substrate. The decomposition process results in
some tapering. The diameter at the tip of the nanowire is 6 nm. [(d), (e)] High-
resolution transmission electron micrographs reveal that the partially decomposed
nanowires are single crystals and exhibit smooth sidewalls. (f) High-resolution
transmission electron micrograph of the tip of the nanowire shown in (d). The
micrographs [(d)—(f)] have been enhanced by a Fourier filter selecting the relevant
spatial frequencies corresponding to the distance of the {0002} and the {1100}
planes. SEM measurements partially carried out by Anne-Kathrin Blum and Uwe
Jahn. TEM measurements carried out by Esperanza Luna.

91



6. Fabrication of ultrathin GaN nanowires by thermal decomposition

removed from the MBE chamber without undergoing a post-growth decomposition step.
These nanowires exhibit a length of 1.6 ym and an areal density of 9 x 10° cm~2. The
51 nm diameter of these nanowires is much larger than the exciton Bohr radius in GaN
(ag = 3 nm), and neither dielectric nor quantum confinement is expected. Dielectric
confinement of the exciton starts to be noticeable for diameters of 5a5.[167.186.187] Nanowires
this thin are difficult to obtain by direct growth.[%®l As shown in Fig. 6.1(b), annealing
an as-grown nanowire ensemble for 30 min at 920°C in UHV results in a reduction in
the length and diameter of the nanowires. The analysis of cross-sectional and top-view
micrographs reveals that the average length decreases to approximately 1.1 um, while
the areal density of nanowires is not drastically reduced. Although partially decomposed
nanowires also appear to be much thinner than the as-grown ones, a reliable assessment
of the final nanowire diameter by scanning electron microscopy is not straightforward.
Under electron irradiation, the nanowires bend and bundle due to charging, leading
to an overestimation of their diameter when analyzing top-view and cross-sectional
images. >8] Upon thermal decomposition, the nanowires also exhibit a pronounced
tapering, suggesting that the nanowire diameter decreases faster at their tip than at the
bottom part. For instance, the average base diameter for the nanowires in Fig. 6.1(b) is
32 nm, while the diameter along the top 600 nm of the nanowire in Fig. 6.1(c) decreases
from approximately 20 to 6 nm. Our systematic observation of wire tapering contrasts
with the homogeneous reduction in nanowire diameter during thermal decomposition of
the CVD synthesized GaN NW "bales" reported in Ref. [184]. This discrepancy might be
related to the fact that the decomposition process in Ref. [184] took place in H, or NHj3
atmospheres instead of in UHV.

High-resolution transmission electron micrographs taken close to the tip of individual
partially decomposed nanowires are shown in Figs. 6.1(d) and 6.1(e). The nanowires are
single crystals and are free of any dislocations as the as-grown nanowires. 18] Despite the
pronounced tapering detected by scanning electron microscopy [Fig. 6.1(c)], the nanowire
sidewalls remain atomically abrupt upon thermal decomposition. The direct observation
of atomic planes allows one to accurately determine the nanowire diameter, which we
find equal to (8.8 £0.3) and (5.8 £ 0.39 nm (corresponding to 32 and 21 atomic planes,
respectively) in Figs. 6.1(d) and 6.1(e), respectively. Figure 6.1(f), taken at the top of the
nanowire shown in Fig. 6.1(d), shows that the tip diameter of this thinned nanowire is
below 5 nm.

As shown above, thermal decomposition facilitates the fabrication of ultrathin GaN
nanowires while preserving their high structural perfection. In contrast to previous
decomposition studies,[1#¥184] we monitor the decomposition in situ by QMS[506364]
and can thus control this process. Since the dissociation of GaN in UHV is thermally
activated, °>1891%] the decomposition rate of GaN nanowires is controlled primarily by
the substrate temperature. Figure 6.2(a) depicts the change of substrate temperature and
the resulting temporal evolution of the desorbing Ga flux ®& as measured by QMS
in units of ion current during the post-growth decomposition of the sample shown in
Fig. 6.1(b). For the decomposition, the temperature was ramped within 10 min from
680 to 920 °C, and then kept constant for 30 min. Note that, after reaching 920 °C, the
reading of the substrate temperature (acquired with an optical pyrometer) was not constant
but steadily decreased until stabilizing at 905 °C. This effect is attributed not to actual
temperature changes but to the decrease in the effective refractive index of the GaN NW
ensemble during decomposition. Thereby, the emissivity of the sample changes which
distorts the temperature measurement. The temperature dependence of ®Z* displayed
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Figure 6.2: Thermal decomposition of GaN nanowires. (a) Change of substrate temperature
and the resulting temporal evolution of the desorbing Ga flux @& (red and blue
lines, respectively) during the decomposition of a GaN nanowire ensemble. The
ion flux is given in units of ion current. The dashed line shows an exponential
extrapolation of (I)%eaS to the background level. (b) Arrhenius representation of the

temperature dependence of (DdGeaS during the decomposition of a GaN nanowire
ensemble. The line shows a fit with an activation energy of Ep = (3.1+£0.1) eV.

in Fig. 6.2(b) has been obtained from the 10 min temperature increase in Fig. 6.2(a) (see
the methods section for more details on the conversion of O to equivalent growth
rate units of nm/min). Within this temperature range, ® increases by almost two
orders of magnitude and is as high as 15 nm/min at 920°C. Despite the thermally-induced
morphological changes in the nanowire ensemble (Fig. 6.1), @3 approximately follows
an Arrhenius-like temperature dependence [Fig. 6.2(b)]:

OES(Ts) = Crexp (—Ep/kpTs), (6.1)

where Ep denotes the activation energy for the nanowire decomposition, Ts the substrate
temperature, and C; a constant. The best fit to the data yields Ep = (3.1 £0.1) eV,
identical to the value reported for the layer-by-layer decomposition of GaN(0001) films in
vacuum. %!

In contrast to the layer-by-layer decomposition of GaN films, where 0% remains
constant at a fixed temperature, ! for a nanowire ensemble this quantity decays exponen-
tially [Fig. 6.2(a)]. Therefore, in the nanowire case, the decomposition rate is somehow
proportional to the amount of remaining material. Extrapolating @& to the background
level allows one to estimate the total GaN volume fraction that has been decomposed
during the thermal annealing process. For instance, the QMS data in Fig. 6.2(a) indicate
that a 30 min annealing at 920 °C in UHV leads to the decomposition of (96 + 2)% of the
material. To confirm this analysis, we performed quantitative Rutherford backscattering
measurements on this sample and on the as-grown nanowire ensemble, and we obtained
a volume fraction of decomposed material of (96.2 £ 1.6)% (see appendix A.1). QMS
appears to be sufficiently accurate for a quantitative in situ control of the decomposition
of GaN nanowires, enabling the fabrication of ultrathin nanowire ensembles with tailored
dimensions.
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6. Fabrication of ultrathin GaN nanowires by thermal decomposition

(a)

Figure 6.3: Schematic representation of the layer-by-layer decomposition process along the
(a) sidewalls and (b) top facets. The green atoms denote the respective step edge
and the yellow arrows indicate how the decomposition process at the side and top
facets proceeds.

6.2. Modelling nanowire decomposition

The temporal evolution of & gives further insight into the decomposition of GaN
nanowires in UHV. The micrographs in Fig. 6.1 indicate that both the diameter and the
length reduce over time. Based on the value taken by Ep [Fig. 6.2(a)] and considering
the smooth sidewalls after partial decomposition [Figs. 6.1(d)-6.1(f)], we infer that the
top and side facets of the nanowire decompose layer-by-layer, as illustrated in Figs. 6.3(a)
and 6.3(b). Assuming that the decomposition rate is limited by the creation of kinks at
the edges between the sidewalls and the top facet, it is possible to obtain an analytic
expression for the temporal evolution of ®&s.

Since ®Jes is proportional to the average decrease in the volume of individual nanowires,
its temporal evolution is given by:

av
O = —Copp, (6.2)
where C, denotes a constant, V the nanowire volume, and t the time. We assume for
simplicity that the nanowire has a cylindrical shape. The volume of the nanowire is thus:

V = 7r?h, (6.3)
where r and & represent the nanowire diameter and height, respectively. Then, & can

be written as
dr dh

0 = _Comr [ZhE + ra] : (6.4)
The micrographs in Fig. 6.1 demonstrate that both r and & vary over time. The specific
temporal evolution of these parameters is a priori unknown. If the layer-by-layer decom-
position rate is limited by the creation of kinks at the edges of the sidewalls with the top
facet, the temporal evolution of » and h is proportional to the perimeter of the nanowire
cross-section and does not depend on h because the different atomic layers decompose
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before a new kink is created. Under such an assumption, » and & can be written as:

dr

i —Rgmr, (6.5)
dh

i —Rymr, (6.6)
T’(t = O) =7y, (6.7)
h(t =0) = hy, (6.8)

where R; and R; represent the decomposition rate constants for the nanowire side and top
facets, respectively [see Figs. 6.3(a) and (b)], and where rp = 25.5 nm and hy = 1.6 pm are
the initial NW radius and height, respectively. We thus obtain the following analytical
expression for the temporal evolution of the dissociation rate:

DL = Cy(mrg)? exp (—37Rst) - [6r0R; + 2 exp (mRst) (hoRs — 2roR;)] . (6.9)

Eq. 6.9 was then fitted to the data in Fig. 6.4(c) using the experimentally determined
length and diameter distributions of the as-grown ensemble. We then obtained R =
25x107*s7tand R; = 2.8 x 1073 s7! as the decomposition rates for the sidewalls and
top facet, respectively. While on an absolute scale the top facet decomposition proceeds
faster, due to the NW morphology, the change in diameter is more impacting. Despite
our model does not take into account that in reality a new layer can start decomposing
before the previous one has be completely decomposed [what results in the nanowire
tapering illustrated in Fig. 6.7(c)], it describes well the temporal evolution of & during
the thermal decomposition process, as shown in Fig. 6.4.

As a result, also the NW diameter and height distributions of the decomposed ensemble
is calculated. Due to the difficulties in determining the former experimentally, these
calculations may serve as a good estimate for the diameter distribution of the ultrathin
NWs. However, besides not including tapering, the model can also not distinguish
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Figure 6.5: (a) height and (b) diameter distribution of the NW ensemble before and after
decomposition. While the distributions of the as-grown NW ensemble could be
reliably obtained from statistical shape analysis (grey squares), the distributions of
the ultrathin NWs are a result of the ensemble simulations (blue lines).

uncoalesced and coalesced NWs. The ladder in reality are expected to separate again at
some point and continue to decompose individually. However, as is shown in Figure 6.5,
the model yields not only a NW length distribution after decomposition that agrees
well with the experimental observation (approximately 1100 nm in average) but also a
reasonable diameter distribution.

Analogously, the temporal evolution of height and diameter of an individual NW during
decomposition can be modeled. Figure 6.6 depicts the effect of the decomposition of an
average uncoalesced NW on its height and diameter. As explained above, with proceeding
decomposition both the NW height and diameter are reduced. Since the decomposition
rate depends on the perimeter of the NW, the reduction in height and diameter slow
down, as the diameter decreases. This behavior also is in agreement with the observations
made in Section 5.1.2, were thin but supposedly stable bottom parts of the NWs during
high-temperature growth of long NWs were observed. There the decomposition of these
bottom parts has slowed down drastically so that the NWs actually remain on the substrate
and do not fall off even for long growth runs.

Despite its simplicity, our modeling describes the temporal evolution of @ very well.
According to the deduced decomposition rates, the NW top facets decompose faster than
the sidewalls, in agreement with our experimental observations [Fig. 6.1]. Our under-
standing on the evolution of the shape of the nanowires during thermal decomposition
is illustrated and summarized in Figs. 6.7(a)—(c). Prior to decomposition, the nanowires
have a (more or less regular) hexagonal cross-sectional shape with an abrupt vertical
edge between side and top facets [Fig. 6.7(a)]. The decomposition of the facets proceeds
layer-by-layer, and is initiated at the edges between the side and top facets [Fig. 6.7(b)]. For
simplicity, in our decomposition model we assume that the creation of kinks at the edges
between the side and top facets is the rate limiting step for the decomposition process.
Consequently, the decomposition rate is proportional to the nanowire’s cross-sectional
perimeter at the top facet. In reality, a new layer may start decomposing before the previ-
ous one is completely decomposed. This explains the tapering observed experimentally
and illustrated in Fig. 6.7(c).
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Figure 6.6: Temporal evolution of (a) NW height and (b) NW diameter during the decomposi-
tion step as obtained from the simulation.

(a) (b) (0
N
2 Ga

SNm P A,
. &
- _»l

Figure 6.7: Schematic representation of the morphology of a GaN nanowire during thermal
decomposition in UHV. Panel (a) shows the initial morphology of the as-grown
nanowire, (b) the morphology at the onset of lateral and axial decomposition, and
(c) the final morphology, which is characterized by a pronounced tapering caused
by the simultaneous decomposition of several atomic layers.
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6. Fabrication of ultrathin GaN nanowires by thermal decomposition
6.3. Properties of ultrathin GaN nanowires

Because of the NW tapering and the experimental difficulty to obtain the diameter of the
NWs at their tip, we will characterize the NWs in all what follows by their base diameter
dp. This latter value can be reliably obtained by a statistical analysis of cross-sectional
scanning electron micrographs and was found to scale with the decomposed volume as
obtained by QMS. Note, however, that the photoluminescence signal of these thinned
nanowires is certainly not dominated by recombination of carriers at their base (NW
bases are usually optically dead due to Si indiffusion from the substrate). Therefore, their
emission properties are not determined by their base diameter, but rather by their diameter
closer to the tip. These values are very different: for instance, the thinned nanowires
obtained after a 30 min annealing at 920°C shown in Figs. 6.1(b)-6.1(f) exhibit a base
diameter of dg = 32 nm, but a diameter close to the tip of less than 10 nm [cf. Fig. 6.1(d)].

The obtained diameters are still significantly larger than the Bohr radius of the exciton in
bulk GaN (2 = 3 nm), i. e., no quantum confinement should occur in any of the samples
under investigation. Yet, as shown in Fig. 6.8(a), the photoluminescence peak energy
at 300 K for ensembles of partially decomposed GalN nanowires increases from 3.412 to
3.454 eV with progressive decomposition. This observation is a signature of dielectric
confinement: the image charges resulting from the large mismatch between the relative
dielectric constants of GaN and vacuum lead to a renormalization of the bandgap and to
an increase in the strength of the Coulomb interaction. [163,165,166,173] Wjjth decreasing dp,
the radial dielectric confinement of the exciton becomes stronger, and consequently, the
photoluminescence line of thinned nanowires is blueshifted. Furthermore, the smaller d,
the larger the emission broadening [Fig. 6.8(a)], since the emission energy increasingly
depends on diameter. A similar behavior is observed at 5 K, where the near band-edge
emission of the GaN nanowire ensemble is dominated by the recombination of excitons
bound to donors and to stacking faults [Fig. 6.8(b)].!%! Both the donor-bound and the
stacking fault-bound exciton transitions blueshift and broaden with decreasing nanowire
diameter.

Since we are dealing with bare GaN nanowires with free, unpassivated surfaces, one
would expect surface recombination to become more important for the thinner nanowires.
The emission intensity from the thinned nanowires should thus be considerably weaker
than for the as-grown ensemble, as reported for GaAs nanowires.[7>18 Figure 6.8(c)
compares the photoluminescence intensity at 300 K of the as-grown nanowires with that
of thinned nanowires with dg = 32 nm. The photoluminescence spectrum of the thinned
nanowires was normalized by the volume fraction of material left after decomposition.
The normalization factor was obtained independently from the QMS analysis shown in
Fig. 6.2(a) and from Rutherford backscattering experiments (see appendix A.1). Contrary
to what is expected in the presence of efficient surface recombination, the normalized
integrated emission intensity for the thinned nanowires is actually larger (2.6 times) than
that of the as-grown ensemble [Fig. 6.8(c)]. This high emission intensity from the thinned
nanowires does not originate from an increase in nanowire-light coupling with decreasing
diameter. In fact, in our experimental geometry (see Methods), the light coupling between
the thinned nanowires and free space is reduced compared to the as-grown nanowires. [1°1]
The observation in Fig. 6.8(c) thus demonstrates that nonradiative recombination at the
sidewalls of thinned nanowires is negligible at 300 K.

To get a deeper insight into the radiative efficiency of ultrathin GaN nanowires, we
investigate our samples by time-resolved photoluminescence spectroscopy. For sponta-
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Figure 6.8: Dielectric confinement in ultrathin GaN nanowires.(a) Photoluminescence spectra
at 300 K from an ensemble of as-grown GaN nanowires (top spectrum) and from
partially decomposed GaN nanowire ensembles with different average base diam-
eters dp as indicated in the figure. The spectra have been normalized and shifted
vertically for clarity. The dashed lines are guides to the eye. The free exciton
transition shows a 42 meV blueshift with decreasing diameter (see inset). This
blueshift arises from the radial dielectric confinement of the exciton due to the
dielectric mismatch between GaN and vacuum. (b) At 5 K, the photoluminescence
spectra are dominated by the recombination of excitons bound to donors. The
weaker band highlighted by arrows arises from the recombination of excitons
bound to basal plane stacking faults. Both excitonic transitions blueshift with de-
creasing dp due to dielectric confinement. (c) Photoluminescence spectra recorded
at 300 K from the ensemble of as-grown nanowires (red) and from the ensemble
of thinned nanowires with dg = 32 nm [Fig. 6.1(b)]. The black line shows the
photoluminescence spectrum of the thinned nanowires after normalizing their
emission intensity by the volume ratio. The grey shaded area shows the intensity
uncertainty corresponding to the +£2% error from the QMS and RBS analysis. PL
measurements carried out by Pierre Corfdir and Christian Hauswald.
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Figure 6.9: Radiative and nonradiative recombination of excitons in ultrathin GaN nanowires.
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(a) Photoluminescence transients recorded at 5 K for the same samples as in
Fig. 6.8(a). The inset shows the photoluminescence decay time tp, obtained using
an exponential fit, as a function of dg. The nonmonotonic diameter dependence of
Tpr, demonstrates that surface recombination at the nanowire sidewalls does not
dominate recombination even for very thin nanowires. (b) Spectrally integrated
photoluminescence intensity as a function of temperature for the samples under
investigation. The dashed lines are guides to the eye. The thinner the nanowires,
the weaker the photoluminescence quenching with temperature, and the larger
the radiative efficiency at 300 K. (c) Photoluminescence transients as a function
of temperature for the ensemble of thinned nanowires with dg = 32 nm. The
nonradiative lifetime only decreases by a factor of 3 over a temperature range
from 5 to 300 K. This reduction is too small to account for the quenching of the
photoluminescence intensity observed in panel (a) for this sample. (d) Temperature
dependence of the exciton radiative lifetime for the samples under investigation.
The radiative lifetimes are given in units of the radiative lifetime at 5 K (7; 5¢). For
all samples, the temperature dependence of the radiative lifetime is consistent with
the one of the emission intensity. The thinner the nanowire, the weaker the increase
in radiative lifetime with temperature and the larger the radiative efficiency. PL
measurements carried out by Pierre Corfdir and Christian Hauswald.
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neously formed GaN nanowires grown by molecular beam epitaxy, the exciton decay has
been shown to be largely nonradiative even at low temperatures, as reflected by decay
times Tp;, between 150 and 200 ps. [87] Figure 6.9(a) shows photoluminescence transients
recorded at 5 K from the samples under investigation. The decay times derived from
the photoluminescence transients are shown in the inset. For the as-grown ensemble,
we observe a decay time of 140 ps, similar to those obtained from comparable samples
studied previously.[887] Strikingly, the decay time of the thinned nanowires is not shorter,
but (with the exception of the sample with the thinnest nanowires) longer than that of
the as-grown ensemble. Since the decay of excitons in these GaN nanowires at 5 K is
dominated by nonradiative recombination at point defects, 8] this observation suggests a
reduction in point defect density after the thermal annealing process.

Figure 6.9(b) shows the temperature dependence of the near band-edge emission in-
tensity for the samples under investigation. The photoluminescence intensity for thick
nanowires follows a T~3/2 dependence. This behavior is characteristic for spontaneously
formed GaN nanowires in general (behaving like bulk GaN) and reflects the increase
in radiative lifetime with temperature with the nonradiative lifetime staying essentially
constant.®”] Remarkably, the quenching in photoluminescence intensity with tempera-
ture for our thinned nanowires is less pronounced. In particular, for the ensemble with
dp = 27 nm, the photoluminescence intensity remains constant between 5 and 150 K and
quenches only for higher temperatures. As for the as-grown nanowires, the quenching is
mainly controlled by the temperature dependence of the radiative lifetime. For example,
the photoluminescence intensity of the sample with a base diameter of 32 nm is reduced
by a factor of 70 when increasing the temperature from 5 to 300 K. In the same temper-
ature interval, the photoluminescence decay time 7p;, (which essentially represents the
nonradiative lifetime) is reduced by a factor of only 3.3 as shown in Fig. 6.9(c).

Since relaxation processes are fast in comparison to recombination mechanisms, the
radiative lifetime is proportional to the inverse of the emission intensity at zero delay.
Figure 6.9(d) shows the thus obtained evolution of the radiative lifetime as a function of
temperature for all samples, normalized to the value of the radiative lifetime at 5 K (7, 5x).
The thinner the nanowires, the slower the increase in radiative lifetime between 5 and
300 K [Fig. 6.9(d)], and thus the weaker the quenching of the photoluminescence intensity
[Fig. 6.9(b)].

Due to the delocalization of carriers in k-space with increasing temperature, the radiative
lifetime of a population of excitons with a dimensionality 7 increases as T"/2.18] The
slower increase in radiative lifetime observed for the thinnest nanowires is thus evidence
of reduced exciton dimensionality in these structures. In other words, the impact of
the dielectric mismatch in ultrathin GaN nanowires is strong enough to quantize the
center-of-mass motion of the exciton perpendicular to the nanowire axis, i.e., thinned
GaN nanowires are actually quantum wires.

Note that below 200 K, the increase in radiative lifetime for our thinnest nanowires is
even slower than the T'/?-dependence expected for ideal quantum wires. %2l We attribute
this finding to the fact that we do not deal with a purely one-dimensional exciton distri-
bution, but rather with one-dimensional free excitons thermalized with a distribution of
zero-dimensional excitons bound to donors and to stacking faults [Fig. 6.8(b)]. The pres-
ence of these localized states and their coupling with free excitons[##”] leads to a slower
increase in exciton radiative lifetime with temperature.[1°>194] Finally, the delocalization of
excitons from donors and stacking faults leads to an increase in exciton coherence length,
giving rise to the decrease in radiative lifetime observed between 50 and 150 K for thinned
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1N

Figure 6.10: Scanning electron micrograph of an
ultrathin NW ensemble where the
NW number density was drastically
decreased.

nanowires with dg = 27 nm.

6.4. New prospects opened by ultrathin GaN nanowires

Above, we have overcome the third fundamental limitation of spontaneous GaN NW
formation, namely the difficulty to fabricate ultrathin GaN nanowires. When decomposing
the NWs for longer times, eventually also the NW number density is significantly reduced
(Fig. 6.10). This additional effect may pave the way for core-shell growth of ITII-N NWs
by MBE and therefore the realization of alternative devices concepts. Most importantly,
however, these unpassivated, ultrathin nanowires exhibit intense excitonic emission at
room temperature, demonstrating that surface recombination at the sidewalls of GaN
nanowires is slow in comparison to other recombination processes. Excitonic effects in
thinned nanowires are enhanced by the mismatch in dielectric constants of GaN and
vacuum. The dielectric confinement of the exciton gives rise to an increase in the internal
radiative efficiency, which is largest for the thinnest nanowires. Thinned GaN nanowires
are thus a promising system for optoelectronic devices operating in the strong coupling
regime.[1951%] In particular, microcavities with thinned (In,Ga)N nanowires as an active
medium pave the way for achieving polariton lasing in the visible range. Ultrathin
nanowires form also an attractive platform for quantum optics applications. For instance,
the in situ control of the nanowire diameter facilitates the realization of quantum dots with
a well-defined lateral shape, and it paves the way for the tuning of the radial confinement
of the exciton in crystal-phase quantum dots. %1971 The samples obtained here have led to
subsequent investigations and a publication crystal-phase quantum dots included in the
ultrathin nanowires.[*?. Additional experiments on InN quantum dots in ultrathin GaN
NWs acting as single photon emitters are planned.
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7. Conclusions and Outlook

In this thesis, we have studied the spontaneous formation of GaN nanowires in molecular
beam epitaxy. As for any self-organized or self-controlled process, the amount of control
that can generally be achieved is limited. A higher control over the morphology and
properties of GaN NWs, however, is highly desirable. The results obtained in this work
are not only highly relevant for fundamental studies of the NWs themselves but also
open new perspectives for the development of new devices based both on spontaneously
formed and selective-area-grown NWs.

We have started out recapturing recent findings on the impact of the growth conditions
on the nucleation and growth of GaN NWs. Based on these experiments conducted here
at the Paul-Drude-Institut fiir Festkorperelektronik and other reports in literature on the
matter, we identified the four major limitations in the spontaneous formation of GaN
NWs: (i) the limited control over the number density, (ii) the high coalescence degree
that comes as a direct consequence of the high number density and introduces crystal
defects, (iii) the NW diameter that is usually larger than 30 nm and thus too large for
lateral quantum confinement and (iv) the limited feasible substrate temperature that is
believed to diminish the structural quality of the NWs by allowing the incorporation of
point defects.

In the main part of this work, we have utilized unconventional growth conditions
and procedures to one-by-one overcome these limitations and enable the fabrication
of spontaneously formed GaN NW ensembles with unprecedented properties in many
different aspects.

First, we have introduced a two-step growth approach where we altered the growth
conditions during NW nucleation in order to influence their morphology. Thereby, we
managed to prepare long NW arrays with area coverages down to 17%. While the NWs
density was only slightly affected, a more pronounced effect was observed regarding
average diameter decreasing from 70 to 45 nm and the coalescence degree that was reduced
from 97% to 74%. In addition, we observed an electrostatic charging of our thin, long
NWs that lead to an attraction of adjacent NWs and thereby introduced an additional,
non-intrinsic coalescence. The electrostatic charging we believe to be caused by electrons
originating from the N-plasma combined with the poor grounding of the NWs due to
the SixNy interlayer. If additional measures are introduced to prevent the electrostatic
charging of the NWs, such as negatively biasing the substrate to deflect the impinging
electrons or using a more conductive substrate like metals, we expect that the coalescence
degree of long NW ensembles grown under comparable growth conditions can again
be drastically reduced. The preparation of GaN NW ensembles with lower coalescence
degrees will enable the fabrication of NW-based devices with more uniform properties.

Extended experiments on the two-step growth have allowed to us to obtain a better
understanding of the NW nucleation processes. We discovered that NW nucleation cannot
be entirely suppressed using a two-step growth approach. In fact, new NWs continuously
nucleate, their formation rate can only be slowed down. However, at the same time also
the elongation rate of the already existing NWs will drop in a comparable manner as
these NWs lack a significant Ga flux due to the absence of collective effects for lower
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NW number densities. For any growth conditions, as long as some degree of growth
proceeds, NW nucleation will continue until eventually reaching the typical high number
density on the order of 10°-10'° cm~3. These observations represent an improvement
in the understanding of the nucleation mechanisms of spontaneously formed NWs and
contribute to the complete comprehension of this nucleation process.

In addition, an alternative form of the two-step growth allowed us to fabricate GaN
NWs faster without influencing their structural or optical properties. Here, the growth
conditions were altered at the end of the incubation stage instead of during the nucleation
stage. This means that the incubation time which may become as long as several hours for
certain growth conditions (low III/V ratio, high temperature) can be reduced to arbitrary
times. This result contradicts what would be typically expected and again leads to an
improved understanding of the nucleation process of spontaneously formed GaN NWs. It
has turned out that the growth conditions during the incubation stage do not influence the
properties of the final NW ensemble. More importantly, the presented approach allows
the fabrication of a certain NW ensemble within a significantly shorter growth time. This
approach has proven to be highly valuable in the subsequent chapters where GaN NW
ensembles were prepared at high substrate temperatures or low III-V ratios.

Summarizing the effects of the two-step growth, we can state that while we could not yet
decrease the NW number density of long and homogeneous NW ensembles, we managed
to significantly reduce the coalescence degree. Thereby, we have overcome the first of the
limitations of the spontaneous formation of GaN NWs. In addition, we provide proposals
on how the coalescence degree may be further reduced. Simultaneously, we have obtained
an improved understanding of GaN NW nucleation and developed a growth procedure
that proved extremely valuable when growing at high temperature or using low III/V
ratios in order to overcome the other limitations discussed above.

Next, we investigated the growth of GaN NWs at unexplored substrate temperatures.
Three unconventional growth approaches were introduced to enable to nucleation and
growth of GaN NWs in MBE at higher substrate temperatures. By using nominally Ga-rich
growth conditions, utilizing the two-step growth approach discussed above, and growing
on alternative substrates with a lower nucleation barrier, we demonstrated the fabrication
of NW ensembles at substrate temperatures up to 905°C, around 70 degrees higher than
in previous reports. Thus, we have overcome the next limitation of spontaneous GaN
NW formation, the long incubation time usually preventing GaN NW formation at high
substrate temperatures. At these temperatures, however, we observed that two additional
effects quickly come into play. Both the onset of Si melt-back etching when growing on Si
and GaN NW decomposition were discussed in detail.

Regarding the properties of these high-temperature NW ensembles, we demonstrated
an outstanding optical quality with linewidths of the dominant donor-bound exciton
transitions down to 0.4 meV. When comparing our samples to state-of-the-art free-standing
GaN layers, we observed that in terms of linewidth and peak positions of the spectra, our
high-temperature NW ensembles are quite comparable. As a matter of fact, in terms of
intensity, the NW are even an order of magnitude brighter due to their enhanced light
outcoupling. Supported by the excellent values of inhomogeneous strain determined from
x-ray diffraction experiments, we can conclude that we can achieve a comparable materials
quality when growing 2 ym long high temperature NW ensembles where for HVPE the
fabrication of an 350 um thick free-standing layer is required. Time-resolved measurements
suggested, however, that our high-temperature NWs still possess a significantly higher
point defect density compared to the free-standing GaN layer.
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These findings will generate an increased interest in the fabrication of high-quality
GaN NW ensembles. In addition, comparable growth approaches may be attempted
for other material combinations. For (In,Ga)N NW segments or quantum disks, the
use of comparable growth concepts to promote a higher growth temperature, may lead
to an improved structural quality of the (In,Ga)N layer and affect the performance of
(In,Ga)N/GaN NW LEDs. Analogously, the morphology and properties of (Al,Ga)N NWs
in MBE can be drastically improved. (Al,Ga)N NWs usually suffer from a pronounced
tapering during NW growth due to the limited diffusion of Al at standard GaN NW
growth temperatures. Here, high-temperature growth of (Al,Ga)N NWs may lead to an
enhanced Al diffusion and thereby an improved morphology with reduced tapering.

Furthermore, we for the first time demonstrated the spontaneous formation of GaN
NWs also on SiC(0001) both at conventional and high growth temperatures. In general,
these samples behaved quite comparable to those on Si(111).

Finally, a post-growth decomposition step was introduced to tackle the limitations
concerning the NW diameter and number density. Here, we demonstrated that we can
reduce the diameters of the top parts of these NWs to well-below 10 nm in a process
well-controlled by line-of-sight quadrupole mass spectroscopy. The activation energy we
found for the decomposition of GaN NWs was in good agreement with previous reports
for planar GaN layers. Using a comparably simple model of layer-by-layer decomposition,
we managed to investigate and simulate the decomposition process of GaN NWs in
detail. Analyzing the optical properties of the decomposed NW ensembles, we observed
a clear blue shift of the donor-bound luminescence peak with diameter. Continuous
wave and time resolved measurement of these ultrathin NWs yielded that these NWs
remain very bright despite their low volume-to-surface ratio. Scaled by their volume,
these NWs exhibit a more pronounced luminescence intensity, proving again, that the
surface recombination in GaN is indeed negligible. As the Bohr radius in GaN is 3 nm, the
observed confinement in the NWs is caused by dielectric confinement originating from the
contrast in the dielectric constant of GaN and the surrounding material, i.e., vacuum or air.
For the NWs presented here, this dielectric confinement acts like quantum confinement
and works still at room temperature.

The reduction in the diameter of GaN NWs presented here will enable the realization
of many interesting new device concepts. Using GaN/(Al,Ga)N or (In,Ga)N/GaN het-
erostructures, true quantum dots-in-a-wire may be formed. These structures are highly
relevant for the development of single photon emitters that are required for quantum op-
tics applications. The (In,Ga)N/GaN system would actually make possible single photon
emitters across most of the visible spectrum and at all three telecom wavelengths 850 nm,
1310 nm, and 1550 nm.

Alternatively, the reduced diameter of the NWs can be utilized to enable Forster Res-
onant Energy Transfer from the NW to a suitable (organic) overlayer. For conventional
NWs, this energy transfer does not work, because the electron is usually located at the
center of the NW and the distance between the exciton and the surrounding organic shell
is always larger than the critical 10 nm. Due to the reduced diameter of the ultrathin
NW, however, this energy transfer should quickly become very efficient and facilitate
the development of an hybrid inorganic/organic LED uniting the advantages of both
inorganic and organic materials systems.

Summarizing, the here presented post-growth decomposition enabled the fabrication of
ultrahin GaN nanowires that act as quantum wires. These results will generate a renewed
interest in GaN NWs grown by MBE.
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Last but not least, we also showed that a post-growth decomposition step, conducted for
a longer time, eventually leads to a significant reduction in NW number density. Thereby,
we also paved the way to overcome the fourth and final limitation of the spontaneous
formation of GaN NWs in MBE. This reduction in density will, for example, allow the
realization of GaN NW-based core-shell structures in MBE and thereby the realization of
attractive alternative device architectures.

In conclusion, we have developed growth approaches to one-by-one overcome the
fundamental limitations of the spontaneous formation of GaN NWs. With overcoming
these limitations, we have fabricated NW ensembles with unprecedented properties
concerning their diameter, excitonic linewidth and structural quality. Thereby, we have
created new perspectives for the development of several new devices and device classes
based on GaN NWs. In addition, the results presented here will also prove relevant also
for other materials systems and growth approaches, e.g., the post-growth decomposition
process can be easily transferred to selective-area-grow NWs.

There are a lot of new and interesting samples to be grown, measurements to be taken,
studies to be performed, questions to be answered, and devices to be developed based on
GaN nanowires.
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A. Additional measurements

A.1. Rutherford backscattering spectrometry on ultrathin GaN
nanowires

The measurements here presented were performed by Emanuel Schmidt and Carsten
Ronning from the Institut fiir Festkorperphysik at the Friedrich-Schiller-University Jena.

As-grown and thermally decomposed GaN nanowires were investigated by Ruther-
ford backscattering spectrometry (RBS). RBS measurements were performed with 2 MeV
He-ions under 170 © backscattering geometry using a standard passivated silicon particle
detector with ~ 4 msr solid angle. The ion charge was measured by a chopper wheel
coated with a thin Au film and calibrated with a bulk lead glass standard. The samples
were measured once with the incident ion beam orthogonal to the substrate surface and
under varying "random" azimuthal angle 2° off the surface normal in order to avoid
channeling effects of the substrate. Energy calibration of the detector was performed using
a standard thin film sample containing various elements with well-distributed atomic
masses.

The spectra of the random RBS measurements on as-grown and decomposed GaN
nanowires are shown in Fig. A.1. The Ga signal starting at 1780 keV is clearly visible by
the surface-edge in both RBS spectra. The signal of the silicon surface edge at 1280 keV is
just visible in the spectrum of the sample with thermally decomposed nanowires. Due to
the structure of the samples, the spectra are clearly distinct from what one would expect
for a thin-film RBS measurement. The difference is caused by the statistical behavior
of the energy loss of ions. In a thin film system, the energy loss of impinging ions is
directly correlated to the energy loss of the ions on their way to the detector after the
scattering process. In a structured material as nanowires, this correlation is disturbed
and statistically distributed. Usually a correct calculation of a spectrum of an arbitrary
structured sample can only be obtained by Monte-Carlo calculations%8l. However, the
integrated signal of a film is in general not influenced by structural effects!'*’l. Thus, we
can calculate the areal density of Ga atoms from the spectra by integrating the Ga signal
over the concerning channels, as indicated in Fig. A.1. To compensate for the energy
dependence of the Rutherford scattering cross-section, we calculate the RBS spectrum of a
non-crystalline bulk GaN-sample and the ratio between the calculated yield over depth
and the measured yield (not shown). The integration is performed from the energy of the
ions scattered on the surface Ga atoms (E ;,) to the energy of the backscattered ions on
the Si surface (E s;).

By integrating and comparing the spectra of the as-grown and the thermally decomposed
nanowire ensembles it is possible to measure an areal density of Ga atoms of (3.8 £ 0.8 x
10'8) cm~2 and (1.45 + 0.3 x 10'7) cm~2, respectively. Therefore, annealing a nanowire
ensemble for 30 min at 920 °C in UHV leads to the decomposition of (96.2 + 1.6)% of
material. The uncertainties are calculated as the maximum possible deviations of the
scattering cross-section of the He ions from the surface to the integrated depth. This
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Figure A.1: RBS spectra of ultrathin GaN nanowires. Samples of GalN nanowires on crys-
talline Si-substrate as grown (top) and after thermal decomposition (bottom) were
measured with 10 pC single charged 2 MeV He-ions in random orientation. The
samples were tilted by 2 ° and rotated continuously during the measurement to
prevent channeling effects of the Si-substrate. The energy of ions scattered on the
surface of Ga (Eg g,) and Si (Eg s;) is shown as well as the depth-scale of the ions
scattered on Ga. The RBS measurement were carried out by Emanuel Schmidt
and Carsten Ronning from the Friedrich-Schiller-University Jena.

is indicated by the systematic error affecting the concentration result by neglecting the
nanowire structure.
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